The formation and the temporal evolution of a bipolar moving magnetic feature (MMF) was studied with high spatial and temporal resolution. The photometric properties were observed with the New Solar Telescope at Big Bear Solar Observatory using a broadband TiO filter (705.7 nm), while the magnetic field was analyzed using the spectropolarimetric data obtained by Hinode. For the first time, we observed a bipolar MMF simultaneously in intensity images and magnetic field data, and studied the details of its structure. The vector magnetic field and the Doppler velocity of the MMF were also studied. A bipolar MMF having its positive polarity closer to the negative penumbra formed being accompanied by a bright, filamentary structure in the TiO data connecting the MMF and a dark penumbral filament. A fast downflow (≤ 2 km s −1 ) was detected at the positive polarity. The vector magnetic field obtained from the full Stokes inversion revealed that a bipolar MMF has a U-shaped magnetic field configuration. Our observations provide a clear intensity counterpart of the observed MMF in the photosphere, and strong evidence of the connection between the MMF and the penumbral filament as a serpentine field.
INTRODUCTION
Moving magnetic features (MMFs) were first detected in CN spectroheliograms by Sheeley (1969) as small bright features moving radially outward from sunspots at speeds of around 1 km s −1 . Although these observations were not accompanied by magnetic field measurements, the authors suggested that these bright moving features could be the manifestation of magnetic field erupting through the surface. Subsequently, Harvey & Harvey (1973) found that those moving bright features represent bipolar magnetic concentrations, which they named "moving magnetic features". Based on the observation that MMFs only appear around decaying sunspots, Harvey & Harvey (1973) interpreted MMFs as a cross section of twisted magnetic flux tube that is detached from the sunspot magnetic field and poking through the surface. Although it was later shown that MMFs are not necessarily always associated with decaying sunspots (Wang et al. 1991; Martínez Pillet 2002) , Harvey & Harvey (1973) 's interpretation has been widely accepted in follow-up studies (Vrabec 1974; Yurchyshyn et al. 2001; Zhang et al. 2003; Hagenaar & Shine 2005, etc. ).
More recent observations, however, showed that MMFs are extensions of the sunspot penumbral field (Hagenaar & Shine 2005; Sainz Dalda & Martínez Pillet 2005; Ravindra 2006; Cabrera Solana et al. 2006 Sainz Dalda & Bellot Rubio 2008, etc.) . Lee (1992) reported that the majority of MMFs are formed close to the dark penumbral filaments that are thought to consist of more horizontal magnetic field components. Yurchyshyn et al. (2001) showed that the orientation of MMFs is not random but strongly correlated with both the sign and the amount of the large-scale twist of the sunspot magnetic field. This result indicates that magnetic field of MMFs is part of the sunspot magnetic field, and at least some of observed MMFs could be explained with the serpentine field model of Harvey & Harvey (1973) . The possible connection between MMFs and the -4 -penumbral field was also addressed in a theoretical study by Schlichenmaier (2002) , who suggested that MMFs may be a part of a serpentine field, which is a prolonged horizontal penumbral field carrying the Evershed flow. Observations by Sainz Dalda & Martínez Pillet (2005) supported this idea by showing the subsequent formation of MMFs along the same magnetic filaments extending from the penumbra into the moat surrounding a sunspot.
Cabrera Solana et al. (2006 Solana et al. ( , 2007 Solana et al. ( , 2008 provided a strong observational evidence that some MMFs are magnetically connected to penumbral field by showing that observed MMF formed as a continuation of the penumbral Evershed flow. The Evershed flow is known to mainly occur along the horizontal magnetic component of the penumbral field (Title et al. 1993b; Stanchfield et al. 1997) . The horizontal component of the penumbral field was observed to return back into the convection zone, accompanying a fast downflow at the opposite polarity region where the field returns back into the sun (Westendorp Plaza et al. 1997 Schlichenmaier & Schmidt 2000; Bellot Rubio et al. 2004; Ichimoto et al. 2007 ), and such observations were supported by the numerical simulations (Kitiashvili et al. 2010; Rempel 2011) . Based on observed downflows associated with MMFs near the penumbral edge, it has been suggested that the Evershed flow may play an important role in MMF formation by pushing inclined field into surface making a U-loop configuration (Zhang et al. 2007; Shimizu et al. 2008 ).
There were efforts to study the intensity signatures of MMFs in the photosphere, which
are not yet fully explored partially owing to the spatially unresolved small-scale nature of MMFs. In most studies, MMFs were often observed as tiny moving bright features (Sheeley 1969) , or "moving Hα emission clouds" (Harvey & Harvey 1973) . Using white-light sunspot data, Shine et al. (1987) observed bright, granule-like features traveling outward from the penumbral boundary at 2.7 km s −1 . Although their association to MMFs was not observationally established, their travel speed is in agreement with that of certain MMFs moving as fast as 2 − 3 km s −1 (Shine & Title 2001) . Simultaneous observation of MMFs -5 -in G-band and Ca II K spectral lines showed that MMFs were observed as bright features in both the photosphere and chromosphere (Ryutova et al. 1997) . Bonet et al. (2004 Bonet et al. ( , 2005 carried out further studies on bright features in G-band and showed that most of them form adjacent to dark penumbral filaments and then move outward from the sunspot at a speed of 0.7 km s −1 . The statistical study by Hagenaar & Shine (2005) showed that
MMFs follow preferred paths that were consistent with the moat flows around sunspots.
Recently, Lim et al. (2011) studied granule-like features that formed at the edge of dark penumbral filaments associated with MMFs, and detected a slight brightening in both TiO and Hα filtergrams. Some theoretical models of MMFs explained the appearance of bright features in terms of the temperature difference along the serpentine field (Ryutova et al. 1997; Schlichenmaier 2002) .
In spite of the great progress in understanding of MMFs, essential details of their fine structure and their exact connection to the penumbral field still remain elusive mainly because of their small spatial scale (< 1 ′′ ). For example, recent data acquired by Lim et al. (2011) with the high-resolution New Solar Telescope (NST) at Big Bear Solar Observatory (BBSO) showed that the photospheric features, associated with MMF evolution, reveal even more complex sub-structures. High-resolution photometric data from the NST complemented by high-spatial, high-sensitivity spectropolarimetric data will contribute to the understanding the relationship between MMFs and the penumbral field, and thus the origin of MMFs. Figure 1 ), is the object of our study.
It was located at N12E25 when the NST/TiO observations began, which corresponds to the µ-value of 0.906. The NST broadband filter imager (Cao et al. 2010b (Cao et al. 2010a ) under normal seeing conditions. All TiO data were first speckle reconstructed using the Kiepenheuer-Institut Speckle Interferometry
Package (Wöger et al. 2008) , then de-stretched to remove residual image distortion.
Hinode/SOT was operated using both the narrowband filter imager (NFI) and spectro- of them were taken simultaneously with the TiO data (except the first and the last scan).
Both SOT/NFI and SOT/SP data were calibrated using standard SolarSoft routine. In order to obtain the vector magnetic field, we applied the Milne-Eddington (ME) inversion (Katsukawa et al. 2011 ) to all Stokes profiles, then resolved the 180
• ambiguity using the method introduced by Moon et al. (2003) . Since a penumbra is believed to consist of magnetic field that is inhomogeneous both horizontally and vertically (Solanki & Montavon -7 -1993; Title et al. 1993a; Martínez Pillet 2000; Bellot Rubio et al. 2004) , physical values derived from the ME inversions must be considered as an average of various components along the atmosphere with non-negligible uncertainties. The line-of-sight (LOS) velocity, v LOS , was measured independently by utilizing a center-of-gravity (COG) method (Semel 1967 (Semel , 1970 Rees & Semel 1979) . It was shown that the COG method derives the LOS velocity accurately even in the case of asymmetric lines. In case of strong downflows or upflows, on the other hand, the velocity may be underestimated by the COG method (Uitenbroek 2003 ). Since we focus on the outer edge of penumbral filaments, where strong downflows are often observed, it is possible that the measured value of the downflow speed was underestimated.
All data sets from different instruments were carefully co-aligned with each other, and presented in the top panel in Figure 1 . SOT/NFI I maps were first co-aligned with NST/TiO images, then the SOT/SP vector magnetograms were co-aligned with SOT/NFI V/I maps. As seen in the figure, the sunspot had an irregular shape with its well-developed penumbral structure not yet fully wrapped around the sunspot, and a well-defined light bridge splitting the umbra into two parts. The one-hour TiO data set showed many interesting phenomena of filamentary structure formation at the outer tip of penumbral filaments. One of those events occurred well-inside the region where FOVs of both NST/TiO and Hinode/SOT instruments overlapped (indicated by '+' symbol in Figure 1 ). We thus selected a narrow region along the direction of the penumbral filament, where a bipolar MMF was well-observed from its origin (inside circles in the bottom panels). This slice, outlined by the white rectangle in the figure, is at an angle of 47
• to the solar east-west direction, and 60
• angle to the direction toward the disk center. After co-alignment, all vector magnetograms were corrected for the projection effect to obtain the magnetic component vertical to the solar surface, B z , horizontal to the surface, B xy , the inclination angle, γ, and the azimuth angle with respect to the slice orientation. In order to derive -8 -the vertical velocity, v z , to the solar surface, the LOS velocity, v LOS , was corrected for the projection effect assuming the transverse velocity to be zero. Since the real value of the transverse velocity component may not be zero, this assumption may result in the underestimation of the v z .
3. RESULTS Figure 2 shows the observed photospheric filamentary structure that appeared and protruded from the outer edge of a penumbral filament. We selected each TiO image from the slice region, and overplotted SOT/NFI V/I maps multiplied by the calibration coefficient α = 12344 to convert the polarization signal to magnetic flux density. The calibration coefficient α was determined by comparing SOT/NFI V/I with SOT/SP vector magnetograms obtained from the ME inversion. Contours with blue, green and red colors correspond to −150 G, −50 G and 100 G, respectively. The tick values along the slit direction (x-axis) increase toward the umbra. The object of our interest is a tiny but well-pronounced bright, elongated structure, which is co-spatial with the red contour at (7.5, 2) in the 18:24:47 UT frame. The feature was in the immediate vicinity of the outer boundary of the penumbra (represented by the white contour in each panel). Although it
was not yet prominent at this time, its round shape is clearly distinct due to the darker surroundings. The bright feature became elongated and its filamentary shape was well observed from t = 12.8 to t = 42.7. One of the most important characteristics is that it formed emerged from, and was connected to the dark penumbral filament (indicated by yellow arrows in the t = 12.8 and t = 33.9 frames). The feature maintained its filamentary structure connected to the dark penumbral filament for about 50 min, and was detached from the filament at t = 51.2, when a granular cell developed between them. The width of the filamentary structure was about 0 ′′ .5 and the length was about 4 ′′ at t = 38.4.
-9 -Another interesting characteristic of the filamentary structure is that it was co-spatial with the positive magnetic patch throughout the time it grew and traveled outward from the penumbra. Figure 2 shows that this positive magnetic patch also grew in size and traveled outward from the penumbra. Its size was 0 ′′ .5 at first then it developed into a 3 ′′ feature in the last panel. 
CONCLUSIONS AND DISCUSSIONS
We simultaneously observed the formation of a bipolar MMF with NST/TiO filter imager, Hinode/NFI and Hinode/SP. The high spatial and temporal resolution of the NST provided us unique intensity data on the evolving MMF at the photospheric level. From a 2-hour data set, we obtained the following primary results.
1. The newly forming bipolar MMF was accompanied by a bright, filamentary structure in the photosphere protruding from the dark penumbral filament. The filamentary structure was observed to be brighter than its surroundings in the region of the positive magnetic patch of the MMF that was closer to the negative penumbra. The connection between the filamentary structure and the dark penumbral filament was interrupted as a granular cell developed in between.
2. The vector magnetogram showed that the observed bipolar MMF has a U-loop magnetic field configuration. The inner footpoint of the MMF (positive magnetic patch) is the region where penumbral magnetic field returns back into the surface, and the farther footpoint (negative magnetic patch) consists of the field re-emerging through the surface. The positive magnetic patch was associated with a strong downflow (≤ 2 km s −1 ) throughout the observational period.
The significance of this study is that we showed for the first time the intensity counterpart of the MMF in the photosphere with high spatial resolution. It formed -13 -immediately from at the outer edge of a dark penumbral filament and evolved into a bright, filamentary structure before it appeared to be detached from the penumbral filament. After the bright structure was detached from the penumbra, it moved into and blended with an inter granular lane. The observed structure could be related to the 'Evershed clouds' described in Shine et al. (1994 ) and Cabrera Solana et al. (2006 (Shine et al. 1994; Cabrera Solana et al. 2006 , while the filamentary structure we observed was associated with the Doppler redshift.
They identified Evershed clouds from the Doppler velocity enhancement, while we identified the filamentary structure from the intensity map when it appeared to be brighter than the surroundings. Besides, due to our limited time period of observations, we could not observe if the structure first appeared well-inside the penumbral boundary.
Similarly to the Evershed cloud in Cabrera Solana et al. (2006) , the filamentary structure studied here was co-spatial with a bipolar MMF. The inner footpoint of the bipolar MMF showed the opposite magnetic polarity to that of the sunspot, same as in Yurchyshyn et al. (2001); Zhang et al. (2003); Cabrera Solana et al. (2006); Sainz Dalda & Bellot Rubio (2008) , and such an opposite-polarity pair was interpreted as footpoints of U-loop magnetic field that is a part of sea-serpent field line in Sainz Dalda & Bellot Rubio (2008) . Our analysis of the vector magnetic field confirmed the U-loop magnetic field configuration of the observed bipolar MMF (Zhang et al. 2007 ).
The result shows that the penumbral field returns into the surface through one footpoint of the MMF having an opposite magnetic polarity to the sunspot with the downflow component, which is in agreement with the previous studies (Schlichenmaier & Schmidt 2000; Westendorp Plaza et al. 2001; Bellot Rubio et al. 2004; Shimizu et al. 2008; -14 -Kitiashvili et al. 2010; Rempel 2011) . Moreover, from the inclination angle profile, we also found that the initially horizontal field component of the MMF changed to more vertical as the MMF evolved in association with the strong downflow. We thus conclude that the MMF formed as a result of the U-loop magnetic field sinking into the surface due to the downward Evershed flow. Kitiashvili et al. (2010) explained that the bipolar MMFs form by the magnetic field lines 'stretched by the downward flows and dragged under the surface'. This observation is also consistent with Schlichenmaier (2002) showing that the penumbral magnetic field with strong Evershed flow is developed into a sea-serpent shape, and the same idea on the MMF formation was also supported by Zhang et al. 
